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a b s t r a c t 
Quenching characteristics of metallic vertical rod with an internal heater has been investigated in pure 
water and water-based nanoﬂuid with alumina nanoparticles of 0.001% by volume. Initial temperature of 
the testing rod (12 mm diameter and 10 0 0 mm length) ranges from 200 °C to 250 °C. The internal heater 
may be used to simulate the decay heat generated by the nuclear fuel rod after the power plant shut- 
down. Tests have been performed with varied range of experimental conditions of decay heat, constant 
water and nanoﬂuid ﬂow rates. The cooling curves follow a general trend of a rapid temperature drop up 
to almost 100 °C of the rod surface temperature irrespective of the operating parameters and the location 
of the thermocouple. The obtained results during quenching process indicated that HTC (heat transfer 
coeﬃcient) for nanoﬂuids are more than de-ionized water. It was also observed that in identical circum- 
stances, the quenching time of the specimen in Al 2 O 3 nanoﬂuid considerably decreased as compared to 
water. The results exhibit that nanoﬂuids can enhance the reﬂood heat transfer performance in terms of 
quenching rate for a long vertical rod causing liquid-droplets-induced depositions of nanoparticles result- 
ing in making a pre-coating effect characterized by higher wettability. 
© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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t  1. Introduction 
Quenching (rewetting) is an important phenomenon for analy-
sis of the heat removal from the fuel rod during a loss of coolant
accident (LOCA) in a nuclear reactor and the reﬂood happens when
water reﬁlls the reactor vessel and cools down the fuel rod at the
time of the severe accident in nuclear power plant [1] . With the
rapid development of nuclear energy worldwide, nuclear power
plants produce a large amount of radioactive wastewater which
can be treated by applying techniques such as ﬁltration, chemi-
cal precipitation, biological methods, membrane processes and so
on [2–5] . The quenching process is the rapid cooling of high tem-
perature objects by exposure to a much cooler liquid, and is fre-
quently used in several engineering applications, such as metal-
lurgy and nuclear industries. The behavior of quenching process
is generally inﬂuenced by many parameters, such as the surface∗ Corresponding author. Department of Chemical Engineering and Technology, IIT 
(BHU), Varanasi 221005, India. Tel.: +91 8765449287. 
E-mail address: npatra.rs.che13@itbhu.ac.in (N. Patra). 
n  
f  
o  
p  
https://doi.org/10.1016/j.reﬃt.2017.02.006 
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( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) roperties of the substance, thermal–hydraulic properties of the
oolant, and temperatures of the substance and coolant [6] . In this
rocess the heat transfer from a solid wall to adjacent liquid is
imited by the occurrence of ﬁlm boiling in which a stable va-
or ﬁlm layer covers the hot solid surface. Thus an acceleration
f the transition from ﬁlm boiling to nucleate boiling is often de-
irable, as it results in a much higher heat transfer rate. Because
he conventional ﬂuids are not capable of achieving the desired
eat transfer rate, the nanoﬂuids are expected to accelerate this
ransition. 
In recent years, the effects of nanoﬂuids on the quenching be-
aviors have been studied extensively in the literature. Kim et al.
7] studied the quenching behavior of steel and zircaloy spheres in
ure water and water-based alumina, silica, and diamond nanoﬂu-
ds. The initial temperatures of the testing spheres were controlled
o be as high as 1030 °C. They stated that the surface rough-
ess increase and wettability enhancement may be responsible
or the early disruption of the ﬁlm boiling and the enhancement
f quenching due to nanoparticle deposition. The effect of de-
osited nanoparticles on the quenching behavior of a metallic rodn access article under the CC BY-NC-ND license. 
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o  n water-based nanoﬂuids was further established by Kim et al. [8] ,
nd Ciloglu and Bolukbasi [9] . Chun et al. [10] conducted quench-
ng experiments of the bare Pt wires and Si/SiC nanoparticle-
oated Pt wires in water and nanoﬂuids containing Si and SiC, re-
pectively. The authors found that for the bare Pt wires there was
o signiﬁcant inﬂuence on boiling curve between water, Si and SiC
anoﬂuids. However, the authors observed a rapid cooling without
table ﬁlm boiling for nanoparticle-coated Pt wires. They pointed
hat this phenomenon depended on the macrostructure and the
hickness of nanoparticle deposition layer. 
Prakash Narayan et al. [11] analyzed the effect of boiling sur-
ace roughness on heat transfer rate in Al 2 O 3 nanoﬂuid with parti-
les of different diameters. They found that higher values of boil-
ng surface roughness enhanced heat transfer rates. Also, they ob-
erved that the ratio of average particle size to average rough-
ess of the boiling surface was effective in rate of heat transfer in
anoﬂuid pool boiling. Lotﬁ and Shaﬁi [12] conducted experiments
n a high temperature silver sphere in Ag, TiO 2 /water nanoﬂuids
o investigate quenching characteristics of nanoﬂuids. The authors
hown that the quenching process was more rapid in pure wa-
er than in nanoﬂuids and the cooling time decreased with in-
rease in nanoparticle concentration. They found that nanoparti-
le deposition on the sphere surface acted as a thermal insula-
or for the sphere due to the higher thermal resistance of the
iO 2 layer. Prasanna Kumar [13] conducted experiments to study
he heat transfer behaviors during the quenching of two different
ypes of steel rod (low alloy steel and plain carbon steel) with an
nitial rod temperature of about 850 °C in a mineral oil and poly-
er solution. They concluded that the maximum quenching rates
or the both steel rods occurred between 600 °C and 700 °C, which
ere also reported by Hasan et al. [14] for steel rods with a vari-
ty of iron alloys at the same initial temperature using mineral oil
nd polymer solution. In addition, Prasanna Kumar [13] found that
he surface heat ﬂux in the mineral oil was slightly smaller than
hat in the polymer solution. Lee et al. [15] studied the quench-
ng behavior of a long SS tube (1.6 m) with an initial temperature
f 60 0–70 0 °C in a 3.5% sea salt solution (close to the concentra-
ion of natural sea water). They found that the quenching time of
he tube in the sea salt solution was shortened by 10 s (8.4%) and
he CHF was enhanced by 9.7% as compared to water, caused by
he earlier condensation of vapor during the reﬂood of the sea salt
olution. Hsu et al. [16] conducted experiments on the quenching
f stainless steel and zircaloy spheres at the initial temperature of
bout 10 0 0 °C in both natural sea and deionized water with the
ool temperature of 33 °C. The quenching curves (i.e., temperature
s. time) and visualization results of their study demonstrated that
he ﬁlm boiling was clearly observed in deionized water but not in
ea water. The formation of vapor ﬁlm in water was through the
oalescence of bubbles nucleated at a very high temperature. More
apid quenching was revealed in sea water due to the quenching
rocess starting with transition boiling and the absence of ﬁlm
oiling. 
Babu and Prasanna Kumar [17] determined the surface heat ﬂux
nd temperature using the Inverse Heat Conduction method during
uenching and modeled the surface heat ﬂux as a function of di-
ensionless parameters. Choi [18] has demonstrated the possibility
f using nanoﬂuids for various practical applications which include
uenching. Babu and Prasanna Kumar [19] demonstrated the use
f nanoﬂuids as coolants to improve the quenching heat transfer
y quenching stainless steel probes in CNT nanoﬂuids and found
hat nanoﬂuids improve the quenching heat transfer rate as com-
ared to water. In another work [20] they have studied the effect
f CNT nanoﬂuid on the quenching heat transfer based on the esti-
ated heat ﬂux and surface temperature at the quenched surface.
hey have shown that nanoﬂuids improved quenching heat trans-
er rate signiﬁcantly as compared with that of water. Paul et al.21] studied the effect of different parameters such as the rate of
oolant injection, initial pipe wall temperature (30 0–50 0 °C), and
oncentration of dispersed nanoparticles (0.1 vol % and 0.3 vol %
l 2 O 3 –water nanoﬂuids) on the quenching behavior. The authors
ave shown that the nanoﬂuid takes lesser time to cool as com-
ared to water and the rate of cooling increases with the increase
n concentration of Al 2 O 3 particles in the nanoﬂuid. 
So far, quenching experiments have been performed mostly
ith rods, tubes and spheres with a wide range of experimental
onditions with several types of working ﬂuids. The heat transfer
echanism during top ﬂooding of a hot cylindrical rod similar to a
uclear pin by a continuous falling ﬁlm has not been focused ex-
ensively in the literature. The objective of the present study was
o investigate and compare the quenching of a typical nuclear fuel
od with a long length of about 980 mm using deionized (DI) wa-
er and alumina nanoﬂuid (NF) as a function of decay heat (DH).
he testing rod, made of Stainless Steel (SS316L) was continuously
eated during the quenching process to simulate the decay heat
enerated by the nuclear fuel rod after the power plant shutdown.
he effect of several parameters like coolant ﬂow rate, initial dry
all temperature and decay heat on the quenching process are
nvestigated to obtain a suitable comparison of the performance
etween nanoﬂuids and water for non continuously heated (NCH)
nd continuously heated condition of the heater. 
. Materials and methods 
.1. Preparation and characterization of nanoﬂuid 
Preparation of nanoﬂuid is an important step for changing
eat transfer performance of conventional base ﬂuids. Nanoﬂuid
efers to a new class of heat transfer ﬂuids prepared by dispers-
ng nanoparticles into conventional ﬂuids and should have stable
uspension, minimal agglomeration of particles and no chemical
hange of the ﬂuid. So, the following methods are used for prepa-
ation of effective suspensions such as changing the pH value, us-
ng surface activators and/or dispersants, and using ultrasonic vi-
rations [22] . 
Concentrated water based dispersion of alumina nanoparticles
as acquired from Alfa Aesar, A Johnson Matthey Company. The
endor-speciﬁed concentration was 23% by weight for alumina. In
he present study an Ultrasonic Bath (MJL Laboratory Instruments
 Equipments, 500 W, ultrasonic frequency 30 ±3 KHz) was used
o prepare Al 2 O 3 –water nanoﬂuid. The purchased alumina disper-
ion was diluted with DI water to the concentration of interest for
he quenching experiments, i.e., 0.001 vol.% by subjecting to 2 hour
f sonication in the ultrasonic bath. No surfactant or buffer was
dded to the nanoﬂuids during dilution. 
The simplest and most widely used method is XRD (X-Ray
iffraction) for estimating the average nanoparticle grain size. The
urchased Al 2 O 3 nanoﬂuid was diluted with distilled water fol-
owed by centrifugation at 30 0 0 rpm for 90 min. Then the settled
anoparticles were washed with absolute ethanol and acetone. Fur-
her these were vacuum dried at 80 °C for 2 hour in the oven.
he obtained Al 2 O 3 nanopowder was characterized by XRD with
 Rigaku X-ray Diffractometer and Cu-k α1 radiation in the range
f 20–80 °. The X-ray diffraction test was carried out with a scan
peed of 3 °/minute. The average grain size was estimated by using
ebye–Scherrer formula. The full width at half maximum (FWHM)
as taken from the XRD pattern shown in Fig. 1 . 
 = 0 . 9 λ
( F W HM ) Cos θ
here ‘d’, ‘ λ’, and ‘ θ ’ are the average particle grain size, wavelength
f the Cu-k α1 X rays (1.5418A °) and Braggs angle respectively.
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Fig. 1. XRD pattern of alumina nanoparticle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Quenching experimental setup. 
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i  The average grain size of alumina nanoparticle was found to be
between 20 and 25 nm by using the Scherrer formula. 
The thermo physical properties were measured for the suspen-
sions of 0.001% Al 2 O 3 nanoﬂuid. The thermal conductivity of the
suspensions were measured using a Hot Disk TPS500 device based
on the transient plane source method. The rheological behaviors of
the suspensions were measured using a Brookﬁeld DVI rotational
viscometer with a temperature-controlled bath. Before any set of
measurement, the viscometer and the thermal analyzer were cal-
ibrated by using Brookﬁeld viscosity standard ﬂuids and DI water,
respectively. Each measurement was repeated at least ten times to
calculate the mean value of the experimental data. The uncertainty
of these measurements was estimated to be within ±1.5%. 
The nanoﬂuid density was calculated as ρp ϕ + ρ f (1 − ϕ) ,
where ϕ is the nanoparticle volumetric fraction, and ρp and ρ f 
are the density of the nanoparticle material and base ﬂuid, respec-
tively. The nanoﬂuid heat capacity was determined as [ ρp C p ϕ +
ρ f C f (1 − ϕ)] / [ ρp ϕ + ρ f (1 − ϕ)] , where C p and C f are the spe-
ciﬁc heat of the nanoparticle material and base ﬂuid, respectively
[23] . All the nanoﬂuid properties were found to be within ±4.5%
of those of pure water because of low concentration of nanoparti-
cles used in this work. As such, thermo-physical properties effects
are not expected to be signiﬁcant in our quenching experiments.
The thermal conductivity and viscosity values of water and Alu-
mina nanoﬂuid are listed in Table 1 . 
2.2. Experimental setup 
The experimental facility was designed in such a manner that
thermal-hydraulic phenomena associated with quenching of heater
rod can be investigated. The main components of the experimental
setup used in the present study were shown in Fig. 2 . The setupTable 1 
Measured thermal conductivity and viscosity values of water and Alumina nanoﬂuid 
at 35 °C(Uncertainty 4.5%). 
Material Volume 
concentration 
Dynamic viscosity 
(cP) 
Thermal conductivity 
(W/mK) 
DI water — 0.70 0.633 
Al 2 O 3 0.001% 0.73 0.662 
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s  ssentially consists of test section assembly, circulating pump, stor-
ge reservoir, PID controller, Data Acquisition System (DAS) and
 personal computer. The experimental facility allows for varying
he heat ﬂux, ﬂow rate, decay heat and initial temperature of the
eater rod. 
The test section assembly consists of a quartz cylindrical tube
oncentrically surrounding a cartridge heater (manufactured by
arathon Heater Pvt. Ltd, India). The cartridge heater of 12 mm
uter diameter stainless steel (SS316 L) tube is heated by a uni-
ormly heated electric coil with an inbuilt K-type thermocouple to
ontrol the heater temperature. The heater surface has a length
f 980 mm with unheated portion of 100 mm and 50 mm at the
ottom and top respectively. The heater can sustain a maximum
ower input of 10 kW. Power is supplied to the heater through the
ID controller which can be operated either in manual mode or in
uto mode. In the present work, manual mode is chosen so that
ower supply can be controlled easily and effectively. Provisions
re made for the thermal expansion and contraction during heat-
ng and rapid cooling of the heater. The lower end of the heater
ube is guided through a Teﬂon gasket (which can withstand high
emperature) at the centre of the quartz cylinder which is ﬁxed to
he lower stainless steel ﬂange. This is expected to minimize any
uckling of the heater tube due to uneven thermal expansion dur-
ng the experiment. 
The quartz cylinder is 10 0 0 mm long and 45 mm inner dia. and
as an inlet opening at a distance of 20 mm from top and an out-
et at 30 mm from the bottom. Two K-type thermocouples were in-
erted into the ﬂow to measure the ﬂuid bulk temperatures at the
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Table 2 
Thermo-physical properties of the test specimen [24] . 
Material of test apecimen SS316L 
Density ( ρ), kg/m3 80 0 0 
Speciﬁc heat capacity (C), kJ/kg °C 0.420 
Thermal conductivity (k), W/m °C 20 
Table 3 
Test matrix of experiment. 
Test section characteristics 
Geometry 
Outer diameter 50 mm 
Inner diameter 45 mm 
Heater characteristics 
Geometry stainless steel 316 L cylindrical rod 
Diameter 12 mm 
Length 980 mm 
Surface condition Bare 
Power rating 10 kW 
Pressure 1.01325 bar 
Operating parameters 
Working ﬂuid DI water and 0.001% Al2O3 NF 
Flow rate 7, 9 (g/s) 
Initial rod temperature 200, 250 ( °C) 
Decay heat 0 (NCH), 7.992, 14.557 (kW/m 2 ) 
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t  nlet and exit of the test section, respectively. The K-type thermo-
ouple was used as it provides more accurate reading for high tem-
erature measurements. The outer diameter of the K-type thermo-
ouple used is 3 mm and its time constant provided by the manu-
acturer (OMEGA Inc.) is about 0.60 s in water. The quartz tube was
rilled at ﬁve points and at each point two thermocouples were
nserted, one was attached to heater surface for measuring surface
emperature, T s and other was left open in the ﬂuid for measur-
ng the ﬂuid temperature, T f . Five surface-type thermocouples were
razed to the heater surface at a distance of 0.08m, 0.28m, 0.48m,
.68m, 0.88m from the top of the test section respectively. These
hermocouples serve to monitor the wall temperature along the
eater rod. The thermocouple wires at these locations were des-
gnated as T s 1 through T s 5. The ﬂuid temperature thermocouples
re inserted just above the surface temperature thermocouples and
easure the temperature of the ﬂuid very close to the surface of
he cylinder. All the thermocouples were connected to data acqui-
ition system (National Instruments PXIe 1071). The thermocouples
ere used to measure the temperature during the quenching ex-
eriments and data acquisition system was to record the signals
rom the thermocouples using Lab view software. In addition, the
ersonal computer was used to connect and record all the temper-
ture data. 
. Experimental procedure 
The present experimental study on quenching was carried out
t atmospheric condition. The experiment was initiated by supply-
ng electric power to the heater under dry condition. During heat-
ng, the surface temperature and the electric power level are mon-
tored through the DAS and PID Controller, respectively. The supply
f electric power to the heater is manually controlled to obtain the
equired wall temperature. After reaching the steady state condi-
ion, the power level is maintained at a constant value. After ad-
usting the ﬂow rate, to initiate the quenching, the power supply
o the heater rod is turned off for non-continuously heated (NCH)
ondition and a low value of heat ﬂux is supplied throughout the
uenching process to study the effect of decay heat (DH). At this
tage, the circulation pump is turned on and the working ﬂuid is
irected to ﬂow through inlet to the heater tube. The ﬂuid from
he outlet of the test section is drained and the reservoir is reﬁlled
fter each experimental run when water is used as the working
uid. However, during experimentation with nanoﬂuids, to mini-
ize the cost and effort involved with the preparation, the tem-
erature of the nanoﬂuid stored in the reservoir is monitored con-
inuously till ambient temperature is reached. The same procedure
s followed for various initial wall temperatures and coolant ﬂow
ates. Pure water and nanoﬂuids are used as the cooling liquid at
aturated and highly subcooled ( T sub = 70 °C) state, always at at-
ospheric pressure. 
It is obvious that the phenomenon of quenching depends on the
ode of interaction of working ﬂuid with the hot surface [24] . To
pproach the more real condition of the quenching of nuclear fuel
ins in a nuclear power plant, the focus of the present study is
o investigate the quenching of a vertical rod similar to single nu-
lear pin in DI water and 0.001% alumina nanoﬂuid. The testing rod
as continuously heated during the quenching process to study
he effect of decay heat generated by the nuclear fuel rod after the
ower plant shutdown. In literature, no study on the quenching of
 continuously-heated vertical rod using nanoﬂuid was reported.
n this study, the quenching curve, effect of ﬂow rate and effect of
nitial temperature of the rod on quenching rate were investigated
ith or without continuously heating of the testing rod. 
The rate of heat transfer (q) of the test specimen under tran-
ient conditions is assumed to be proportional to the temperatureradient and can be expressed as: 
 = −ρC 
(
V 
A 
)
dT 
dt 
(1) 
Where ρ and C are the heater rod(SS316L) density and speciﬁc
eat, respectively. V and A are the test specimen volume and sur-
ace area, respectively, dT/dt is the change in temperature (T) of a
iven location with respect to time (t). In this work, maximum ini-
ial test surface temperature is maintained at 250 °C. For this tem-
erature, variation in material properties such as: density and spe-
iﬁc heat are found to be negligible. Therefore, constant value of C
nd ρ are considered in the analysis. The thermo-physical proper-
ies of the test specimen (SS316L) are listed in Table 2 . The range
f operating parameters used in the present experimental study is
isted in Table 3 . The temperature transient was recorded through
ata acquisition system and used to determine heat ﬂux distribu-
ion. 
The surface heat transfer coeﬃcient can be calculated by: 
 = q 
T 
(2) 
Where T is the difference between wall temperature and
alling liquid ﬁlm temperature at a given location. 
The uncertainty analyses were performed using the method
roposed by Holman [25] . Temperature measurement uncertain-
ies were primarily estimated considering the thermocouple cali-
ration and temperature correction from the thermocouple read-
ng to the reference surface. The maximum variation of the mea-
ured wall temperatures of the heater rod and bulk ﬂuid tempera-
ures (k-type thermocouples) was ±0.5 °C The present experimen-
al study involves the measurement of various parameters, such as
oolant ﬂow rate, initial temperature of test specimen, and length
nd diameter of the test specimen. Considering errors in all the
easuring parameters, the maximum uncertainty during calcula-
ion of heat transfer coeﬃcient and surface heat ﬂux is found to
e less than .6.9% and 7.7% respectively. 
. Results and discussions 
All quenching experiments were conducted with ﬁxed inlet
ub-cooling under atmospheric pressure condition. The experimen-
al runs were carried out with non-continuously heated and con-
inuously heated (as variation in DH) rod using DI water and 0.001
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Fig. 3. Temperature–time traces from different thermocouples (T s 1, T s 2, T s 3, T s 4, 
T s 5 at a distance of 0.08, 0.28, 0.4 8, 0.6 8, 0.88 (m) from the top respectively) 
quenched from 200 °C, coolant ﬂow rate of 9 g/s (DI water for NCH condition). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Quenching Curves for the effect of Initial Wall Temperature with coolant 
ﬂow rate of 7 g/s. 
(a) DI water 
(b) Alumina Nanoﬂuid 
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q  vol. % Al 2 O 3 –water nanoﬂuid. The subcooled working ﬂuid at room
temperature enters through the inlet at the top of the vertical test
section and exits through the outlet at the bottom. To ensure the
repeatability during quenching reference data were obtained. The
results of these repeatability tests, which we refer to as repeatable
quenching has been analyzed and the quenching curve is reason-
ably repeatable with some minor data scattering. 
When a hot vertical surface is quenched by the falling ﬁlm of
the liquid coolant, the typical temperature–time curve could be as
shown in Fig. 3 . The curve reveals that different mechanisms of
heat transfer become prominent which are shown by the abrupt
changes in the slope of the curve. As the initial rod temperature
was not very high from the saturation temperature of the coolant,
it may be assumed that initially quenching will be mainly through
nucleate boiling and transition boiling. The occurrence of ﬁlm boil-
ing at this temperature is rather remote. The instantaneous dras-
tic reduction in temperature during the ﬁrst few seconds demon-
strates this fact. After the fast decrease, the rate of cooling de-
creases. It may be noted that the ﬁrst phase of intense cooling
extends up to a rod temperature of 90–100 °C. However, ﬂuctua-
tions appear in the quenching curves as the temperature falls be-
low 100 °C. This may be caused by the upward ﬂow of generated
steam in the test section. This phenomenon aggravates when de-
cay heat is applied as the heater rod is continuously heated. The
graph indicates that temporary breakup of the liquid ﬁlm by the
faster moving vapor streams might have caused the ﬂuctuations.
So while studying the effect of ﬂow rate, initial rod temperature
and decay heat, the graphs are plotted up to 100 °C. 
4.1. Effect of initial rod temperature 
A higher initial wall temperature implies that more heat needs
to be removed from the wall before quenching can take place as
shown in Fig. 4 . The magnitude of heat transfer to the ﬂowing
coolant depends upon the initial surface temperature of the speci-
men, the temperature gradient and the local hydrodynamics [26] . 
The wall temperature behavior for the nanoﬂuid was compared
with those for the water during quenching at a ﬁxed ﬂow rate
(7 g/s) for both NCH case and continuously heated case with twoalues of decay heat. In the comparison between the water and
he Al 2 O 3 –water nanoﬂuid, a difference in the quenching time
the time required to cool down the hot rod surface from the
oolant injection to the termination of a quenching phenomenon,
 wall = 100 °C) is observed. From the graph ( Fig. 4 ), it is evident
hat the effect of decay heat is not signiﬁcant at lower value of
nitial rod temperature (200 °C). In addition, there is no consider-
ble difference in quenching time between water and alumina NF
or NCH case and continuously heated case when quenched from
00 °C. However, at higher initial temperature (250 °C), quenching
ime increases with increase in decay heat as because rods with
 higher initial temperature will possess a large amount of stored
eat and the applied decay heat will add to it. The difference in
he quenching time between the water and the alumina NF shows
ore than 10 s for the decay heat of 14.557 kW/m 2 . Indeed, the
esults exhibits that the continuous heat generation in the test-
ng rod increases the cooling time of the quenching in deionized
ater as well as nanoﬂuid, but the quenching rate (slope of the
uenching curve) in nanoﬂuid is more as compared to DI water.
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Fig. 5. Quenching Curves for the effect of ﬂow rate at initial rod temperature of 
200 °C. 
(a) DI water 
(b) Alumina Nanoﬂuid 
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dhe enhanced cooling performance is attributed to high wettabil-
ty of heating surface by deposition of nanoparticles during evap-
ration. During the quenching process, the liquid droplets carrying
anoparticles, which are dispersed into vapor, can be deposited on
eating surface before ﬂuids are moved forward. This phenomenon
s more prominent in case of long tubes having small diameter. So,
he thin layer of nanoparticles can be formed in advance resulting
n making a pre-coating effect characterized by higher wettability
27] . 
.2. Effect of ﬂow rate 
The increase in coolant ﬂow rate results in the increase of the
uenching rate for both water and nanoﬂuid which contributes to
he decrease in quenching time as shown in Fig. 5 . An increase
n the coolant ﬂow rate causes a substantial extension of the nu-
leate boiling region and the quenching curve shifts towards left
n case of DI water which can be observed in Fig. 5a . It is clearhat the quenching time for NCH rod for both the ﬂow rates is less
han continuously heated rod with decay heat. But no considerable
hange in quenching time is observed when the rod is quenched
rom a ﬁxed temperature of 200 °C with decay heat of 7.992 and
4.557 kW/m 2 respectively for both the ﬂow rates in case of DI wa-
er. 
However, the effect of ﬂow rate and decay heat is not signiﬁ-
ant on quenching time when the rod is quenched from an initial
emperature of 200 °C using alumina nanoﬂuid as shown in Fig. 5b .
he reason may be attributed to the lower value of initial rod tem-
erature because of which the evaporation of nanoﬂuid droplets is
indered due to lower amount of heat stored in the rod. The lower
tored heat, even when the decay heat is added to it, is not ca-
able of evaporating the nanoﬂuid leading to negligible change in
uenching rate. 
.3. Effect of decay heat on heat transfer coeﬃcient 
The quenching heat transfer coeﬃcient using deionized water
nd water based alumina nanoﬂuid have been compared along the
ength of the heater rod measured from the top as shown in Fig. 6 .
he quench front which begins at the top of the heater rod (at the
nlet) travels along the length and covers the entire length almost
n 20–25 seconds. Hence, heat transfer coeﬃcient has been evalu-
ted considering the temperature-time data after 30 seconds from
he commencement of quenching. The distance is measured from
op of the test section which has been shown in graph ( Fig. 6a
nd b ). Heat transfer coeﬃcients have been calculated at the ther-
ocouple locations using the temperature data from the data ac-
uisition system. It is observed that heat transfer coeﬃcient for
oth water and nanoﬂuids decreases in the downstream direction
way from inlet where quenching begins. When the ﬂuid jet im-
inges on the hot surface, the value of the heat transfer coeﬃcient
s maximum at this point. However, the surface temperature of the
eated rod decreases in the downstream direction. It is observed
hat the locations, away from inlet come in contact with the liquid
ith lower liquid sub-cooling and increased enthalpy. A ﬂuid with
igher enthalpy has less capacity to extract heat from the hot sur-
ace. Therefore surface heat ﬂux reduces at the location away from
he inlet. 
However, the heat transfer coeﬃcient is enhanced consider-
bly in nanoﬂuids as compared to DI water due to depositions
f nanoparticles during evaporation of liquid droplets for both
CH case as well as continuously heated with decay heat of
4.557 KW/m 2 . The effect of decay heat is not signiﬁcant because
he heat transfer coeﬃcient mainly depends on stored heat which
s dependent on initial rod temperature. 
The heat transfer enhancement phenomenon can be illustrated
s the formation of nanoparticle embedded surface due to scat-
ered deposition of nanoparticles. As a result, it increases the ef-
ective surface area of heat transfer as well as the turbulence near
he surface. However, the combined effect of increasing heat trans-
er surface area, turbulence and thermo physical properties of ﬂuid
eads to the increment in heat transfer as well as heat transfer co-
ﬃcient in nanoﬂuids as compared to water. 
. Conclusions 
The present experiments were conducted to investigate the ef-
ect of nanoﬂuids on quenching heat transfer of a hot vertical rod
ith different operating parameters. The testing rod made of Stain-
ess Steel (SS316L), coupled with an internal heater, was continu-
usly heated during the quenching process to explore the effect of
ecay heat generated by a nuclear fuel rod after the reactor shut-
own. 
The following results are obtained. 
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Fig. 6. Variation of heat transfer coeﬃcient with axial location for initial rod tem- 
perature 250 °C, ﬂow rate 7 g/s. 
(a) Non-Continuously heated Case 
(b) Continuously heated Case with DH of 14.557 KW/m 2 
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 1) The quenching tests have been performed using nanoﬂuids as
well as DI water. A more enhanced cooling performance is ob-
served in the case of nanoﬂuid quenching. 
2) The enhanced cooling performance is due to high wettability
of a thin layer formed on a heating surface by a deposition of
nanoparticles during evaporation of liquid droplets. This phe-
nomenon is more prominent in case of a long rod. 
3) The quenching performance is enhanced more than 10 s for
Al 2 O 3 –water nanoﬂuid in comparison to DI water at higher ini-
tial rod temperature. The effect of decay heat is more signiﬁ-
cant at higher initial rod temperature. 
4) The effect of ﬂow rate on quenching time is not signiﬁcant for
both water and nanoﬂuid; however, the study can be conducted
at higher value of initial rod temperature and wide range of
ﬂow rate to conclude in a better way. 
5) The heat transfer coeﬃcient is enhanced in case of nanoﬂuids
as compared to DI water in both the cases, with or without de-
cay heat. The effect of decay heat is not signiﬁcant because theheat transfer coeﬃcient mainly depends on stored heat which
is dependent on initial rod temperature. 
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